Background: It is well established that as a blood unit ages, fewer of the unit's red blood cells (RBCs) remain in circulation post-transfusion. The mechanism for clearance is not well defined. Phosphatidylethanolamine (PE) is a phospholipid that is primarily found on the inner leaflet of healthy cells, and is an important ligand for phagocytosis of dead cells when exposed.
Red blood cell (RBC) transfusions are a mainstay of modern medicine. However, differences in unit efficacy and safety during storage exist (Rohde et al., 2014; Glynn et al., 2016) . Although prospective randomised trials have been performed, there remains some debate on the specific clinical contexts where red cell storage age influences patient outcomes (Glynn et al., 2016) .
Currently, additive solutions (AS) preserve RBCs such that if transfused just prior to the expiration date, about 75% of RBCs are recovered 24 h post-transfusion (Glynn et al., 2016) . The mechanism mediating the rapid removal of roughly 25% of stored RBCs is not entirely understood. Well-documented intracellular changes with stored RBCs include depletion of glucose, ATP and 2,3-diphosphoglycerate (DPG) (Hess, 2014) . Changes to the overall make-up of the unit also occur, including increases in cell-free haemoglobin (both soluble and microparticle-encapsulated), potassium and acids (Donadee et al., 2011) . More recent studies have highlighted a critical role for nitric oxide (NO) in the changes that occur during RBC storage, including depletion of S-nitrosohaemoglobin (Bennett-Guerrero et al., 2007) and enhanced scavenging of NO (Donadee et al., 2011) . These aberrations at the molecular level are further associated with cellular-level defects including red cell morphology changes, decreased red cell deformability and membrane bilayer disruption including the formation of microparticles (MP) (Berezina et al., 2002) .
The red cell lipid bilayer is composed of phosphatidylcholine, sphingomyelin, phosphatidylserine (PS), phosphatidylinositol, phosphatidic acid and phosphatidylethanolamine (PE) (Virtanen et al., 1998) . Under normal conditions, enzymes known as flippases and floppases maintain a controlled lipid asymmetry, with phosphatidylcholine and sphingomyelin predominantly on the outer leaflet, and PS, phosphatidylinositol, phosphatidic acid and PE predominantly on the inner leaflet (Virtanen et al., 1998) . Multiple studies have established that the normal red cell membrane asymmetry decreases with storage, with reports of significant increases in PS exposure on the outer leaflet of the cell membrane (Berezina et al., 2002) . In quantifying membrane disturbance over the storage duration, studies variably report up to 6% of RBCs exposed PS on the outer leaflets of the lipid bilayer at 42 days (Koshkaryev et al., 2009 ). This association is of interest, as both human and murine macrophages can bind to and engulf symmetric red cell ghosts, red cells with PS inserted externally, oxidised red cells and sickled red cells, all of which expose PS on the outer leaflet (Styles et al., 1997; Fadok et al., 2001; Zenarruzabeitia et al., 2015) . While promising, it remains unclear whether PS exposure on the outer leaflet can entirely explain the rapid phagocytosis of nearly one-quarter of the red cells in an aged stored unit post-transfusion.
We recently found that PE is also exposed on the outer leaflet of crenated/damaged erythrocytes in aged RBCs (Larson et al., 2012) . Unlike PS, which makes up only 3-15% of total lipids, PE is the second-most abundant phospholipid in mammalian cells, making up 20-45% of total lipids (Zhao, 2011) . Thus, significantly increased PE exposure on outer leaflet may also contribute to the extensive removal of older stored red cells.
To determine whether storage age is associated with increased PE exposure on RBC surface, we performed a longitudinal evaluation of PE using the novel PE-probe, duramycin. Duramycin is a well-described lantibiotic that binds to PE with high affinity (Zhao, 2011) , and, as reported previously (Larson et al., 2012) , can be used as a sensitive and specific marker for PE content on the outer leaflet of the red cells. The objectives of this study were to use duramycin to: (i) define the distribution of PE exposure over the shelf-life of a RBC unit and (ii) determine the association between PE exposure and other biological markers such as storage age, MPs and free haemoglobin.
METHODS
A total of five donor RBC units (BloodCenter of Wisconsin, Milwaukee, WI, USA) were obtained through a protocol approved by the Medical College of Wisconsin Internal Review Board. Stored RBC units contained either AS-1 (serially and single-sampled units) or AS-3 (single-sampled units only) preservative, and were leucocyte reduced per established donor centre protocols. Units were stored flat in a cold room that was maintained at a temperature of 1-6 ∘ C for the duration of the study; each unit was gently inverted 10 times prior to each sampling. Sampling occurred weekly for 6 weeks. To ensure that the serial sampling process did not alter PE exposure, nine other regularly outdated (AS-1 and AS-3 preserved) units (43-46 days old) were also examined. Lastly, to compare the PE content of fresh blood with that of the sample stored units, blood from three healthy donors was drawn in accordance with approved institutional protocols into acid-citrate-dextrose, and allowed to cool to room temperature before diluting as described below.
Direct detection of PE and PS exposure
All blood samples were diluted repeatedly 10-fold to a final 1 : 1000 dilution in pH 7-7·2 sterile-filtered normal saline with 12·5 nm streptavidin (Alexafluor-647; SA647, Invitrogen, Carlsbad, CA, USA) only as a fluorescent control, or with 1 M duramycin-biotin (gift from Ming Zhao, Northwestern University) followed 7-10 min later by SA647 to examine PE exposure. Optimization and validation experiments for this assay and MP detection using flow cytometry were performed as reported previously (Larson et al., 2012 (Larson et al., , 2013 ; duramycin-induced cytotoxicity was avoided by using a sub-haemolytic concentration and using cold incubation with an optimised incubation time (validation of this assay revealed that cytotoxicity was avoided when incubation time was less than 60 min given the selected concentrations and storage temperature, validation data not shown). We further co-labelled MPs with glycophorin A to confirm that these small particles were distinct from electronic noise (Larson et al., 2012 (Larson et al., , 2013 . Samples were incubated on ice, and examined within 30 min of dilution on an Accuri C6 (BD biosciences, San Jose, CA, USA) using the default fast setting with a forward scatter-height (FSC-H) threshold of 1000; this setting allowed for detection of actual MPs with acceptable noise that could be gate-excluded post hoc similarly as previously reported (Larson et al., 2012 (Larson et al., , 2013 . For comparison, lactadherin-FITC (Haematologic Tech, Essex Junction, VT, USA) per manufacturer's recommendation was added to identically diluted and treated cells to concurrently measure PS. Co-labelling experiments demonstrated duramycin-inhibited lactadherin binding (data not shown). C6 Plus analytical software (BD biosciences, San Jose, CA, USA) was used to analyse the flow cytometry data. Of note, autofluorescence has been reported to increase in RBCs with storage, in the region of UV to visible green wavelengths (Mérian et al., 2012) , but there is no report of increased autofluorescence in the near-infrared region (around the spectral region of the fluorochrome used). To control for possible autofluorescence, unstained controls were assessed for changes in the near-infrared region (the Accuri C6 excitation laser is near-infrared at 640 nm and the fluorescence channel used, detects the infrared at around 675 nm) over the course of storage (for which there was no difference, data not shown).
Cell-free haemoglobin measurements
Cell-free haemoglobin (CFHb) was measured by isolating a sample of cell-free supernatant using centrifugation (15 min at 500 × g, 4 ∘ C for stored blood or at room temperature for fresh blood; the supernatant was analysed using flow cytometry and did not contain RBCs; data not shown). Supernatant was then examined by UV/visible spectroscopy on a HP/Agilent 8453 UV/Vis spectrometer (Santa Clara, CA, USA). Met-heme concentration was then determined from absorbance at 631 nm (using extinction coefficient of 5030 m −1 cm −1 ) and added to the oxy-heme concentration approximated from absorbances at 405, 577 and 561 nm (averaged using extinction coefficients of 3·31 × 10 5 , 5·51 × 10 4 and 3·26 × 10 4 m −1 cm −1 , respectively) (Antonini & Brunori, 1971) . 
Statistical analysis
All continuous numeric data were evaluated using standard parametric tests. Data are summarised as means ± standard error. A P-value less than 0·05 was considered statistically significant throughout.
RESULTS
Leucocyte-reduced RBC units (RBCs) were examined for 42 days from initial donation/processing. Figure 1a shows the flow cytometry light scatter gating of intact cells from the sampled RBC units. Events with smaller side and forward scatter, outside of the cell gate, but larger than the background cytometer noise, were considered to be MPs. Figure 1b demonstrates representative cell-gate histograms of duramycin-stained, serially sampled, AS-1 preserved RBCs at various time points. RBCs stored for 1 week post-donation showed minimal duramycin staining, indicating a minimal number of RBCs with substantial PE exposure on outer leaflet (left panel of Fig. 1b) . With increasing storage age, there was an increase in the number of RBCs with PE exposed in the outer leaflet at 3 and 6 weeks of storage (Fig. 1b) .
Over the course of storage (Fig. 1c) , there was a steady and significant increase in the percentage of PE-positive cells (n = 5, R 2 = 0·93, P = 0·001), and nearly 20% of sampled red cells had PE exposure in the outer leaflet at 6 weeks. Freshly drawn whole blood (green triangle, n = 3) and recently expired RBC units (red square, n = 9) were also examined for comparison, and the percentage of PE-positive RBCs from serially sampled units at the time of expiration was comparable with that of the unsampled expired units (P > 0·8). As a comparison, we also stained the cells for PS using lactadherin, which is a more sensitive flow cytometer marker than Annexin V (Larson et al., 2012) . While there was also a steady increase in PS-positive cells, only about 5% of sampled cells had PS exposure in the outer leaflet at 6 weeks (black circle, N = 4). Lastly, there was also a steady and significant increase in PE-positive MPs with increased storage duration when normalised to cells (Fig. 1d) . CFHb is a marker of haemolysis (Donadee et al, 2011) . Figure 2a shows the average CFHb concentration in each RBC unit over its storage duration as determined by UV-visible spectroscopy, again with a comparison to freshly drawn blood (which expectedly had nearly undetectable concentrations of CFHb) and unsampled expired units. In agreement with previously published studies, free haemoglobin increased with storage age, and both serially and single sampled RBC units contained roughly 0·1 mm (0·16 g dL −1 ) of free haemoglobin (in terms of total heme) by 6 weeks of storage (Donadee et al., 2011) . Lastly, there was a strong linear positive correlation between the percentage of PE-positive cells detected and the average concentration of CFHb (R 2 = 0·93, P = 0·001) in each unit (Fig. 2B ).
DISCUSSION
The loss of phospholipid asymmetry is considered to be a key signal for erythrophagocytosis of senescent red cells (Fadok et al., 2011) . Therefore, changes in red cell surface lipids during red cell storage may alter the way the recipient immune system reacts to these transfusions. An increase in PS exposure in red cells during storage has been reported, but the overall concentration of PS in red cells is a small fraction of total phospholipids detected (Koshkaryev et al., 2009) , even when using sensitive PS markers such as lactadherin. PE is a much more abundant phospholipid (Vance, 2008) , and may therefore act as another, potentially more robust and/or dynamic marker of lipid asymmetry priming red cells for phagocytosis. This study evaluated the changes in surface PE exposure in red cells during standard RBC storage using the novel PE-dependent binding properties of duramycin. We observed a significant positive correlation between increasing storage age and PE exposure in outer leaflet as demonstrated by duramycin binding, both in intact red cells and in MPs. Moreover, we found that these changes parallel the established increases in free haemoglobin in the same older units. This pilot study has found evidence supporting the association between the percentage of red cells with PE exposure in outer leaflet and the surrogate markers of red cell decay and haemolysis such as the level of free haemoglobin and MPs in the red cell unit over time. Several studies have associated increased haemolysis with the duration of storage (Hess, 2014) . Similar to previous reports (Hess, 2014) , we found that free haemoglobin increased about fourfold from 7 days of storage to 42 days of storage. External PS exposure has previously been established as a marker for damaged or aged red cells, which, due to the lack of phagocytosis in a stored unit, leads to cell lysis and the release of MPs and free haemoglobin over time (Hess, 2014) . Similar to PS, PE may be a marker of increasing red cell damage during storage. However, unlike PS, PE is much more abundant and therefore possibly a more dynamic marker of cell membrane derangement.
Previous studies have suggested that PE exposure on the outer leaflet may serve a similar immune function to PS, but their immune and clinical effects are not yet established for red cells. PE and PS are both known ligands involved in the clearance of dying cells via their direct interaction with TIM1 and CD300a receptors of phagocytic cells (Kobayashi et al., 2007; Simhadri et al., 2012; Jemielity et al., 2013; Richard et al., 2015) . However, to date only PS, and not PE, has been found to be involved in the clearance, specifically of red cells (Kobayashi et al., 2007) . In addition to inducing phagocytosis in multiple experimental models, activation of TIM1 and CD300a receptors by PS and PE interaction induce secretion of anti-inflammatory interleukin 10 (IL-10) and TGF-, and simultaneously decrease the secretion of the pro-inflammatory cytokines TNF-, IL-1 and IL-12 (Huynh et al., 2002) , modulating the immune system. In contrast, activation of CD300C by PE in vitro increases inflammatory/immune activity, and may act in a synergistic fashion with Toll-like receptor 4 signalling (Takahashi et al., 2013) . In specific clinical populations, the increased external PS and PE content of red cells may be harmful, as outer leaflet aminophospholipid exposure (specifically PS) has been associated with worsened red cell endothelial adhesion in individuals with sickle cell disease, a contributor to vaso-occlusion (Manodori et al., 2000; Guchhait et al., 2007) .
We found that close to 20% of cells were outer leaflet PE-positive at 42 days. This percentage mirrors the observed RBC clearance of 42-day-old units seen 24 h after transfusion (Glynn et al., 2016) in comparison to the percentage of PS-positive cells as reported by our own work and others (Berezina et al., 2002; Koshkaryev et al., 2009) . Consequently, we speculate that PE may be a plausible contributor to the abrupt clearance of transfused old RBCs and their downstream clinical effects. Future studies will be required to establish any causal relationship between surface PE-positive red cell and in vivo immune clearance. Mechanistic hypotheses such as these, however, are increasingly important, as clinical outcomes such as increased circulating non-transferrin bound (free) iron and infections from transfusion (Hod et al., 2010; Rohde et al., 2014) may be modulated by blocking or altering these factors.
This study has several limitations. First, the donor RBC units were gently agitated prior to sampling, which is a deviation from what is practiced clinically. Second, the ASs were not identical between the serially sampled (all AS-1) and single-sampled units (AS-1 and AS-3). However, we found no statistically significant difference in the PE surface content of single-sampled expired AS-1 and AS-3 stored in RBCs (P > 0·3, data not shown). Lastly, while a non-trivial percentage of total PE is normally found in a lattice on the extracellular leaflet (an estimated 11% of total extracellular phospholipid is PE) using other methods (Virtanen et al., 1998) , the conditions and parameters used (including duramycin-biotin and fluorescent streptavidin concentrations, RBC dilution, flow cytometer settings) in our technique resulted in less than 1% of freshly drawn cells appreciably binding duramycin.
In conclusion, our study provides initial evidence suggesting a potential role for PE exposure in outer leaflet in red cell storage. We show that PE, like PS, appears to be correlated with increasing red cell damage and haemolysis during storage. Increased PE exposure on stored RBCs may become an important biomarker in future studies of red cell storage age efficacy and safety due to its increased abundance in comparison with PS. Additional studies are now needed to further establish the relationship between changes in the membrane orientation of PE during RBC storage and red cell haemolysis, phagocytosis and their downstream clinical effects.
